The heating rate, firepower, and thermal efficiency of a modified rocket stove using sawdust and liquid petroleum gas (LPG) as cofiring fuel were investigated. Three modified rocket stoves with a height of 400 mm and outside diameters of 225, 385, and 550 mm were tested. It was found that there was an insignificant difference in heating rate and firepower when stoves were tested without cofiring with LPG. In this case, the stove heating rate was in the range of 1.49?1.55 °C/min. When LPG was used, the heating rate tended to linearly increase with the increase of LPG flow rate. The heating rate was in range of 2. 42?2.80, 2.63?3.27, and 3.07?4.22°C /min when LPG consumption rates were 2.38 × 10?5, 3.33 × 10?5, and 5.00 × 10?5 kg/s, respectively. The slight increase of stove heating rate and firepower was seen when the stove diameter was increased from 225 to 385 mm. The increase of stove diameter from 385 to 550 mm resulted in a huge increase of heating rate and firepower. Thermal efficiency of the sawdust stove without LPG decreased from 17.90% to 9.97% when the stove diameter was increased from 225 to 550 mm. For co-firing of sawdust and LPG, the increase of LPG flow rate from 2.38 × 10?5 to 5 × 10?5 kg/s caused the linear increase of thermal efficiency from 20.27% to 33.80%, 29.36% to 38.89%, and 25.25% to 36.39% for the stove with diameters of 225, 385, and 550 mm., respectively.
Introduction
Many peoples in regions of Southeast Asia used biomass stoves for the purposes of heating and cooking. A rocket stove is one of the widely used types due to its simple structure, flexibility of variation in solid biomass size, low fuel consumption and emissions compared to open fire or unimproved cookstove [1] . A rocket stove was first invented by Larry Winiarski [2] . Solid biomass fuel is combusted in an L-shaped combustion chamber. Primary air is naturally drafted into the combustion chamber through the feed tunnel of the stove. The secondary air is fed at the stove's top to cause the clean combustion. In the case of a rocket stove with long chimney, the sufficient forced draft resulting from the chimney effect causes continuous combustion and high thermal efficiency [3] . The drawback of this design is high construction cost and difficulty for installation. Usually, this stove design is used as rocket mass heaters for heating. A more simple design is a portable rocket stove. The draft in the portable rocket stove was created from a combination of combustion heat and the chimney effect [4, 5] . This design is generally used for cooking. The rocket stove can be used with powdery and non-powdery biomass fuel [6] . For non-powdery biomass, direct combustion in presence of primary and secondary air was the main combustion mechanism. Continuous feed to the combustion chamber can be easily done for non-powdery biomass fuel. On the contrary, powdery biomass was used in the configuration of batch combustion. The biomass powder was compressed into briquette in the rocket stove. During compression, the L-shaped air flow channel was maintained inside the stove. Sawdust, partially mixing sawdust with leaves, dried plants, and wood chip are examples of biomass used in powdery form [7] . Sawdust is the most interesting feedstock. It was a large source of biomass waste which produced around 12-15 kg during processing of 100 kg of wood [8] . The rocket stove which uses sawdust as fuel was called a sawdust stove. Combustion mechanisms of sawdust stove consist of direct combustion of sawdust and combustion of volatiles produced from sawdust pyrolysis [6, 9] . When the sawdust stove was ignited, heat produced from direct combustion of sawdust around the L-shaped air channel conducted through the sawdust block, resulting in pyrolysis of the block. The pyrolysis gas diffused through the block to the air channel and mixed with air. Due to a large amount of generated pyrolysis gas at the starting period, the air-fuel mixture was rich. This mixture flowed upward along the air channel and combusted at the stove's top. This combustion increased the air induction rate into the air channel, resulting in the increase of direct combustion rate. Consequently, the sawdust block temperature and pyrolysis gas production increased. The propagation rate of pyrolysis front also increased. However, conduction thermal resistance of the sawdust block decreased the propagation rate. Thus, pyrolysis gas production and combustion rate decreased in the next operation period. The decrease of pyrolysis gas production and combustion rate resulted in low temperature inside the stove. The flame disappeared and combustion inside the stove was like smoldering combustion [10, 11] . To maintain the flame and high temperature inside the stove, it is necessary for portable sawdust stoves to continuously place a piece of wood into the combustion chamber. Without a piece of wood, the temperature of combustion chamber is low. Consequently, this stove generates much smoke. In the case of a small diameter stove, the high char yield was found, and the unburnt biomass was observed in a large diameter stove. However, after putting a piece of wood into the stove, violent flames and incomplete combustion were seen. A previous study on sawdust pyrolysis reported that pyrolysis gas yield increased, and char yield decreased when pyrolysis temperature increased [8] . It indicated that temperature of the combustion chamber was the important parameter for continuous operation of the stove. Thus, the proper additional heat is necessary for operating portable sawdust stoves efficiently. Instead of putting a piece of wood into the combustion chamber, liquid petroleum gas (LPG) is a better choice. LPG burning rate can be controlled easily, which means that additional heat will be put into the stove properly and continuously. In this method, the portable sawdust stove can operate efficiently over a long period. Study on co-firing of sawdust and LPG in this configuration may led to the decrease of LPG consumption in the cooking process of small enterprises in the food sector. However, there is no certainty of evidence on performance of this design. Moreover, LPG is a costly fuel. The overuse of LPG may be unnecessary.
This work modified a rocket stove in which sawdust was compressed and LPG as co-firing fuel was burnt. The investigation of thermal characteristics of this stove was conducted. The stove heating rate and firepower at various LPG flow rates and stove diameters were studied. The stove efficiency was also reported.
Materials and Methods

Biomass Sample
Sawdust was used in this experiment. It was gathered from Nakhon Pathom province (13 • 49 1" N 100 • 3 57" E). The particle size of sawdust was smaller than 3 cm. The moisture content of the sawdust was controlled in the range of 7% ± 1% (w.b.). The higher heating value of pellet sample was measured using bomb calorimeter according to ASTM D5865-07. Lower heating value (LHV) was calculated and used for calculating stove efficiency. Details of sawdust properties and loading mass for each stove are shown in Table 1 . 
Experimental Setup
The stove setup is shown in Figure 1 . The modified rocket stove had a cylindrical shape with height of 400 mm. It was made from an ASTM A36 steel plate. The circular plate with a hole of 63.5 mm at the center was welded at the bottom side of cylinder as a bottom plate. The LPG burner was installed at the hole of the bottom plate. A secondary air channel with a diameter of 63.5 mm was installed on a cylinder surface at a level of 20 mm above the bottom plate. The topside of the stove was covered with circular lid with a hole of 63.5 mm. A steel pipe with a diameter of 63.5 mm was used as a mold to create an L-shaped air flow channel inside the stove. The combustion took place along the height of air flow channel. Thus, the air flow channel was called the combustion chamber when the stove was ignited. Ceramic fiber with a thickness of 50 mm was used as the insulator. Details of loading sawdust into the stove were as follows. Sawdust was filled and then compressed into the stove until the sawdust level reached 20 mm below the stove's top. Then, the ash-sand mixture was filled until it reached the topside of the stove to prevent combustion of sawdust at the top surface. Finally, the steel pipe mold was removed and then the stove was covered by the lid. Figure 2 shows the relationship between the stove heating rate and the stove diameter. There was an insignificant difference in heating rate when stoves were tested without LPG. In this case, the stove heating rate was in range of 1.49-1.55 °C/min. When LPG was used to combust together with the compressed sawdust, the heating rate tended to nonlinearly increase with the increase of stove diameter. The heating rate was in the range of 2.42-2.80, 2.63-3.27, and 3.07-4.22 °C/min when the LPG consumption rate was 2.38 × 10 −5 , 3.33 × 10 −5 , and 5.00 × 10 −5 kg/s, respectively. The slight increase of stove heating rate was seen when the stove diameter was increased from 225 to 385 mm. The increase of stove diameter from 385 to 550 mm resulted in a huge increase of heating rate, especially in the case of the highest LPG consumption rate. When the data were plotted using the LPG consumption rate as the horizontal axis, the result can be seen in Figure 3 . It was clearly seen that the stove heating rate linearly increased with the increase of LPG consumption rate. A vast change in the To investigate the effect of stove diameter on the stove's thermal performance, the diameter of L-shaped air flow channel (d a ) and the stove's height (h) were kept constant while the stove's diameter (D s ) was varied. According to the experiments of Mukunda et al. [6] and Bhaskar Dixit et al. [9] , the ratio of stove diameter to air flow channel diameter (D s /d a ) was in range of 4.00-5.38. To observe the stove performance in a wide range, this work assigned D s /d a ratio around 4.0-8.0. Thus, the stove diameter was varied at 225, 385, and 550 mm. The height of each stove was specified at 400 mm. It was noted that the h/d a ratio in this work was 6.30. It was slightly higher than the value suggested by Mukunda et al. [6] . This value was acceptable because the unsteady and fluctuating flames occurred when the h/d a ratio was very low. To study the effect of additional heat on stove performance, an LPG burner with a diameter of 50 mm was used as heat source. The LPG pressures were assigned at 0, 7, 14, and 21 Pa to control LPG flow rates at 0, 2.38 × 10 −5 , 3.33 × 10 −5 , and 5.00 × 10 −5 kg/s, respectively. The sawdust consumption rate can be monitored by recording the weight loss of the sawdust in the stove every 3 min.
Results and Discussion
Stove Heating Rate and Firepower
The water boiling test was used to evaluate the stove heating rate and efficiency. Two aluminum pots with a diameter of 400 mm and height of 220 mm were used as water containers. Water of a 10 kg/pot was repeatedly heated from 28 to 80 • C. The mass of evaporated water during heating on the stove can be determined by the difference between the initial water mass (10 kg) and the water mass that remained in the pot when the temperature of 80 • C was reached. When the heat transfer from the stove to pot reached the insignificant level, the mass and temperature of water in the pot were recorded. The weight loss of the stove was recorded as consumption mass of sawdust. The weight of the LPG container was also recorded to calculate LPG consumption.
The stove heating rate and firepower can be determined from the water temperature-time diagram obtained from water boiling test. The stove efficiency (η) can be calculated by the following equation;
where m w , m evap , and m i represent initial mass of water, mass of evaporated water, and fuel consumption during the test. T b and T 0 display water temperatures at the desired point (80 • C) and initial point (28 • C), respectively. c w and h evap represent specific heat capacity and enthalpy of evaporation. LHV p and m p indicate lower heating value and fuel consumption mass of each fuel type including sawdust and LPG. Figure 2 shows the relationship between the stove heating rate and the stove diameter. There was an insignificant difference in heating rate when stoves were tested without LPG. In this case, the stove heating rate was in range of 1.49-1.55 • C/min. When LPG was used to combust together with the compressed sawdust, the heating rate tended to nonlinearly increase with the increase of stove diameter. The heating rate was in the range of 2.42-2.80, 2.63-3.27, and 3.07-4.22 • C/min when the LPG consumption rate was 2.38 × 10 −5 , 3.33 × 10 −5 , and 5.00 × 10 −5 kg/s, respectively. The slight increase of stove heating rate was seen when the stove diameter was increased from 225 to 385 mm. The increase of stove diameter from 385 to 550 mm resulted in a huge increase of heating rate, especially in the case of the highest LPG consumption rate. When the data were plotted using the LPG consumption rate as the horizontal axis, the result can be seen in Figure 3 . It was clearly seen that the stove heating rate linearly increased with the increase of LPG consumption rate. A vast change in the stove heating rate was found in case of the 550 mm-stove. The firepower in the case of the stove without LPG was in range of 0.97-1.07 kW. These values were 2-3 times lower than that of the similar sawdust stove's diameter reported by earlier work [6, 7] . Note that the firepower reported by previous work was calculated from the fuel consumption rate. This method was different from the present work. The firepowers of 1.68-2.15, 1.84-2.47, and 2.30-3.10 kW were found when the LPG flow rates were 2.38 × 10 −5 , 3.33 × 10 −5 , and 5.00 × 10 −5 kg/s, respectively. The stove firepower tended to increase nonlinearly with the increase of stove diameter (Figure 4 ). When the LPG consumption rate was increased, the stove firepower linearly increased ( Figure 5 ).
Results and Discussion
Stove Heating Rate and Firepower
firepower of sawdust-LPG co-firing in rocket stove can be controlled easily by controlling LPG flow rate. In fact, ability to control heating rate and firepower in a wide range is the strong point of an LPG cooking stove and the weak point of an ordinary sawdust stove. Due to this weak point, an ordinary sawdust stove is used in a long heating process and not suitable for a temperature-controlled cooking process. Co-firing of sawdust and LPG in a modified rocket stove overcomes this weak point and increased the flexibility of use in a long heating and temperature-controlled cooking process. When the stove was tested without LPG, the increase of temperature inside the combustion chamber resulted from the direct combustion of the sawdust layer around the combustion chamber. Combustion heat conducted to an adjacent sawdust layer ( Figure 6 ) contributing to the thermal degradation and volatile production in this layer. Due to the volatile pressure and the draft in combustion chamber, the volatile flowed from the decomposition layer to the combustion chamber. This flow direction obstructed permeability of air from the combustion chamber into the sawdust layer. Therefore, the direct combustion took place in the thin sawdust layer around the combustion chamber and a small amount of combustion heat was obtained. This caused the low temperature at the combustion chamber. A previous study reported the evidence of pyrolysis front propagation in a sawdust stove. The distribution of pyrolysis front in the form of a C-shape indicated that the radial depth of pyrolysis front decreased when the temperature of combustion chamber decreased [9] . Thus, combustion without additional heat from LPG led to the low sawdust decomposition and the volatile production rate. Consequently, heat obtained from the volatile combustion was low. In addition, the increase of stove diameter resulted in the increased of thermal resistance. It was reported that the pyrolysis in the sawdust stove occurred at the temperature range of 588-620 K [6, 9] . The low combustion heat and high thermal resistance limited the thickness of the decomposition layer. Thus, similar heating rates of the stove at various diameters were seen in the case of the stove without LPG. When co-combustion between LPG and sawdust was conducted, the additional heat from LPG combustion increased the temperature of the combustion chamber and the rate of decomposition and volatile production, consequently, increased. The large amount of generated volatile gas resulted in a rich air/fuel mixture. It did not combust immediately but flowed along the height of the combustion chamber and combusted at the stove's top. This event was also reported by previous work [9] . Combustion heat of mixture at the stove's top and heat of LPG combustion increased the heating rate and firepower of the stove.
As discussed above, the additional heat from LPG combustion and the increase of stove diameter resulted in a wide range of stove heating rate and firepower. In other words, the heating rate and the firepower of sawdust-LPG co-firing in rocket stove can be controlled easily by controlling LPG flow rate. In fact, ability to control heating rate and firepower in a wide range is the strong point of an LPG cooking stove and the weak point of an ordinary sawdust stove. Due to this weak point, an ordinary sawdust stove is used in a long heating process and not suitable for a temperature-controlled cooking process. Co-firing of sawdust and LPG in a modified rocket stove overcomes this weak point and increased the flexibility of use in a long heating and temperature-controlled cooking process. 
Stove Efficiency
The thermal efficiency of the stove without LPG decreased from 17.90% to 9.81% when the stove diameter was increased from 225 to 385 mm. The slight change from 9.81% to 9.97% was found when the stove diameter was increased from 385 to 550 mm. (Figure 7) . Previous studies reported thermal efficiency of 24% for sawdust stove [7] and 27-32% of rocket stove fueling with Douglas Fir wood [5] . A single pot mud stove gave thermal efficiency around 14-18% [12] . The sawdust stove without LPG had a poor thermal efficiency compared to the above stoves. The large amount of unburnt sawdust was found after finishing the test of stoves with diameters of 385 and 550 mm. It signified that only the heat of sawdust combustion was insufficient to conduct the pyrolysis of an entire sawdust block in a large sawdust stove. Unburnt sawdust was a major cause of thermal efficiency drop. For co-firing of sawdust and LPG, the increase of LPG flow rate from 2.38 × 10 −5 to 5 × 10 −5 kg/s caused the linear increase of thermal efficiency from 20.27% to 33.80%, 29.36% to 38.89%, and 25.25% to 36.39% for the stove with diameters of 225, 385, and 550 mm, respectively (Figure 8 ). For all values of LPG flow rate, the maximum thermal efficiency was found at the stove diameter of 385 mm (Figure 7 ). An earlier study proposed the empirical correlation for prediction of pyrolysis front propagation rate as 0.13 S a r 0.0094[(D d ) / 2] − = −  [6] . This correlation indicated that a stove with small diameter had a high pyrolysis front propagation rate. The volatile gas production rate was also high and incomplete combustion tended to occur easily. For the stove with a diameter of 225 mm, it had a higher heat loss due to incomplete combustion compared to the others. Thus, the stove with diameter of 225 mm gave the lowest thermal efficiency for all values of LPG flow rate. However, the heat loss due to the unburnt sawdust played an important role for the stove with a large diameter as discussed above. This was the cause of the lower thermal efficiency of the stove with a diameter of 550 mm compared to that of one with the diameter of 385 mm.
In addition, the maximum thermal efficiency of the improved LPG cooking stove was around 57.5% [13] . Although the maximum thermal efficiency of the 385-mm stove (38.89%) was lower than that of the improved LPG cooking stove, it was acceptable when it was compared with the improved cooking stoves (their thermal efficiency was in the range of 25-37%) [12] . In view of thermal efficiency, co-firing in the modified rocket stove was an interesting way. 
The thermal efficiency of the stove without LPG decreased from 17.90% to 9.81% when the stove diameter was increased from 225 to 385 mm. The slight change from 9.81% to 9.97% was found when the stove diameter was increased from 385 to 550 mm. (Figure 7) . Previous studies reported thermal efficiency of 24% for sawdust stove [7] and 27-32% of rocket stove fueling with Douglas Fir wood [5] . A single pot mud stove gave thermal efficiency around 14-18% [12] . The sawdust stove without LPG had a poor thermal efficiency compared to the above stoves. The large amount of unburnt sawdust was found after finishing the test of stoves with diameters of 385 and 550 mm. It signified that only the heat of sawdust combustion was insufficient to conduct the pyrolysis of an entire sawdust block in a large sawdust stove. Unburnt sawdust was a major cause of thermal efficiency drop. For co-firing of sawdust and LPG, the increase of LPG flow rate from 2.38 × 10 −5 to 5 × 10 −5 kg/s caused the linear increase of thermal efficiency from 20.27% to 33.80%, 29.36% to 38.89%, and 25.25% to 36.39% for the stove with diameters of 225, 385, and 550 mm, respectively (Figure 8 ). For all values of LPG flow rate, the maximum thermal efficiency was found at the stove diameter of 385 mm (Figure 7 ). An earlier study proposed the empirical correlation for prediction of pyrolysis front propagation rate as . r = 0.0094[(D S − d a )/2] −0.13 [6] . This correlation indicated that a stove with small diameter had a high pyrolysis front propagation rate. The volatile gas production rate was also high and incomplete combustion tended to occur easily. For the stove with a diameter of 225 mm, it had a higher heat loss due to incomplete combustion compared to the others. Thus, the stove with diameter of 225 mm gave the lowest thermal efficiency for all values of LPG flow rate. However, the heat loss due to the unburnt sawdust played an important role for the stove with a large diameter as discussed above. This was the cause of the lower thermal efficiency of the stove with a diameter of 550 mm compared to that of one with the diameter of 385 mm.
Conclusions
This work proposed a new idea regarding co-firing between sawdust, which was powdery biomass, and LPG in a modified rocket stove. It was found from the investigation that the additional heat from LPG combustion in a modified rocket stove increased the stove heating rate, firepower, and thermal efficiency. In addition, the stove heating rate and firepower can be controlled by changing the LPG flow rate. With this co-firing configuration, the heating rate and firepower can be controlled in a wide range, which helped to increase flexibility of use in a long heating and temperature-controlled cooking process. Although there was a possibility to replace an LPG cooking stove with co-firing in modified rocket stove, it is still too early to introduce this co-firing configuration for use in real-life application. Further studies on emission control, safety operation, mathematical model, and economics analysis of this co-firing in a modified rocket stove are necessary.
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